Purpose of Review Many of the diseases and dysfunctions described in the paradigm of the developmental origins of health and disease have been studied in relation to prenatal nutrition or environmental toxicant exposures. Here, we selectively review the current research on four exposures-two nutritional and two environmental-that have recently emerged as prenatal risk factors for long-term health outcomes. Recent Findings Recent studies have provided strong evidence that prenatal exposure to (1) excessive intake of sugar-sweetened beverages, (2) unhealthy dietary patterns, (3) perfluoroalkyl substances, and (4) fine particulate matter may increase risk of adverse health outcomes, such as obesity, cardiometabolic dysfunction, and allergy/asthma. Summary Emerging prenatal nutritional factors and environmental toxicants influence offspring long-term health. More work is needed to identify the role of paternal exposures and maternal exposures during the preconception period and to further elucidate causality through intervention studies. The ubiquity of these emerging nutritional and environmental exposures makes this area of inquiry of considerable public health importance.
Introduction
The developmental origins of health and disease (DOHaD) hypothesis posits that chronic diseases, in particular obesity, diabetes, and cardiovascular disease, have their origins during early development [1, 2] . This notion was most famously promoted by David Barker in the 1980s who through ecological correlations of infant mortality [3] and early life size [4] with heart disease mortality provided some of the earliest evidence that adverse early life conditions could have long-term effects on diseases previously thought to be caused by differences in genetics and adult behaviors. The DOHaD concept that exposure to an adverse early life environment has widespread consequences for later health now encompasses a broader scope of developmental cues extending beyond the in utero period [5] .
Models to explain the DOHaD hypothesis have largely centered on two developmental pathways-the first is the evolutionary, adaptive programming of a disease phenotype resulting from a mismatch of in utero and postnatal environments (i.e., predictive adaptive response, as proposed by Gluckman and Hanson [6] ). The second pathway is through direct exposure of the fetus to environmental factors that increase the risk of developing chronic diseases later in life [7] . These exposures are largely anthropogenic and "novel" (in evolutionary terms). Therefore, the physiological responses to these exposures have yet to be subjected to selection pressure [5, 7] and could disrupt normal signaling pathways during development and even lead to adverse effects evident at birth, such as birth defects and poor fetal growth. In many instances, however, the initial functional changes after exposure may be subtle, with no phenotype changes at birth, but increased risk of physiological dysfunction and/or disease later in life [5] . Two broad categories of these anthropogenic exposures are the subject of this review: nutritional factors and environmental toxicants. Evidence also suggests that social and built environments may influence many of the same outcomes, but those exposures are beyond the scope of the current review.
Extensive previous literature has demonstrated that nutritional factors in utero [either global undernutrition (e.g., caloric restriction in rodents [8] , natural experiments of famine in humans [9] ) or overnutrition (e.g., maternal obesity [10], excessive gestational weight gain [11] , and gestational hyperglycemia [12] )] influence health later in life, predisposing to conditions such as obesity, coronary heart disease, type 2 diabetes, and respiratory diseases. Similarly, several animal and epidemiological studies have shown in utero exposure to ubiquitous environmental chemicals present in everyday household items, such as plastics, clothing, furniture, and pesticides/herbicides, to be associated with a myriad of health consequences that manifest across an individual's lifespan and are potentially transmitted to future generations [13] .
In this review, we focus on four specific prenatal exposures-two nutritional and two environmental-as examples of emerging exposures within the DOHaD field. We discuss the literature surrounding maternal prenatal exposure to (1) excessive sugar-sweetened beverages, (2) unhealthy dietary pattern, (3) fine particulate matter, and (4) perfluoroalkyl substances. A large body of recent literature investigates associations between each of these exposures and later health, and the ubiquity of these exposures in humans makes them of considerable public health importance. In this selective review, we describe the recent literature surrounding these emerging exposures during pregnancy and their documented effects on later disease risk in the offspring.
Prenatal Nutritional Factors as Emerging Risk Factors for Later Disease
Maternal Sugar-Sweetened Beverage Intake During Pregnancy Consumption of free sugars (either in the form of beverages or in foods) is high in many parts of the world and suggests a poor dietary quality [14] . The calories provided by consumption of free sugars have little nutritional value, which increases total energy intake leading to unhealthy weight gain [15] . Animal experiments have provided a proof-of-principle that free sugar consumption during pregnancy can lead to increased adipogenesis and cardiometabolic dysfunction in offspring [16] . These experiments, however, often study dietary sugar intake greater than what is typically consumed by humans and therefore may not directly translate to humans.
Previous population-based meta-analyses have shown that intake of sugar-sweetened beverages (SSB) during childhood or adulthood increases risks of obesity, type 2 diabetes, and metabolic syndrome [17, 18] . There is emerging evidence that prenatal intake of SSBs may influence intrauterine programming to increase obesity risk in childhood, after accounting for socio-demographics, overall dietary quality, and other obesity risk factors. Pre-birth cohorts Project Viva (USA) and Generation R (Netherlands) have reported prenatal SSB intake to be associated with higher offspring body mass index (BMI) z-scores, fat mass index, skinfold thicknesses, and waist circumference during mid-childhood (~6-7 years) [19••, 20] . For example, in Project Viva, for each additional maternal serving per week of SSB during pregnancy, children had 0.07 SD units (95% CI − 0.01, 0.15) higher BMI z-score. For comparison, in the same cohort, the effect estimates for traditional prenatal exposures of maternal pre-pregnancy BMI (per 5 kg/m 2 increase) and gestational weight gain (per 5 kg increase) with mid-childhood BMI z-scores in the same cohort were 0.27 SD units (0.21, 0.32) and 0.11 SD units (0.06, 0.17) respectively [21] .
Greater childhood adiposity has been observed not only in relation to prenatal intake of SSBs, but also to beverages with artificial sweeteners (ASB), which were presumably thought to be a healthier alternative to SSBs due to lower caloric content. Recent findings from the Canadian Healthy Infant Longitudinal Development (CHILD) Study demonstrate that daily consumption of ASBs during pregnancy (vs. no consumption) was associated with higher offspring BMI z-score and risk of overweight at 1 year of age [22••] . Similar observations were reported in the Danish National Birth Cohort, where daily ASB intake during pregnancy (vs. no consumption) was associated with higher risk of offspring large-forgestational age at birth, higher BMI z-scores, and risk of overweight/obesity at 7 years [23] . It has been proposed that prenatal exposure to ASBs may exacerbate glucose intolerance through changes in the gut microbiome [24] , which may in turn predispose offspring to obesity and metabolic disorders in later life.
Consumption of SSBs during pregnancy has also been related to other adverse outcomes during childhood, such as respiratory diseases. Maslova et al. reported that maternal intake of ≥ 1 soft drink per day during pregnancy was associated with increased odds of asthma in children [25] . More recently, Wright et al. reported that higher maternal pregnancy intake of SSBs was associated with greater odds of asthma during midchildhood [26••] . Experimental models have suggested that these observations could be explained via adiposityindependent mechanisms, through reduced nitric oxiderelated bronchodilation and increased oxo-nitrosative stress [27] .
Prenatal Dietary Patterns
Much of the work surrounding the role of maternal diet during pregnancy on health outcomes in offspring has focused on individual nutrients [28] , while a handful of studies have also examined foods or food groups such as fish (rich in n-3 fatty acids) [29] or dairy products (rich in calcium and vitamin D) [30] . While these studies may provide insights on causal mechanisms [28] , the human diet does not consist solely of individual nutrients-rather, the meals we eat consist of a variety of nutrients that are likely to interact [31] . Over the past decade, research in nutritional epidemiology has begun to focus on dietary patterns as opposed to individual nutrients or foods, to account for interactions of nutrients within the diet. These patterns can be determined a priori using existing dietary guidelines such as the Healthy Eating Index (HEI) [32] , or a posteriori using data-driven statistical techniques such as principal components or latent class analysis [31] .
Emerging evidence suggests that prenatal dietary patterns may be associated with future disease risk, independent of confounders such as maternal socio-demographics, overall energy intake, and BMI. Findings from various birth cohorts such as the Healthy Start Study, Growing Up in Singapore Towards healthy Outcomes (GUSTO) Study, and Growing Up Today Study (GUTS) reported that greater adherence to a "healthy diet" during pregnancy (derived a priori using HEI) was associated with lower neonatal adiposity (BMI, skinfold thicknesses, percentage body fat) and lower obesity risk during mid-childhood (~9-14 years) [33, 34••, 35]. Healthy dietary patterns derived a posteriori have shown similar observations, for example, greater adherence to the "vegetables and fruits" dietary pattern during pregnancy was associated with lower BMI, fat mass index, risk of overweight [36•, 37, 38] , and blood pressure during childhood [39] . More recently, birth cohorts have investigated maternal adherence to the Mediterranean diet, characterized by a high intake of fruits, vegetables, legumes, nuts, and whole grain products, already known to have a protective role against obesity, type 2 diabetes mellitus, and metabolic syndrome in adults [40, 41] . Birth cohorts in Spain [42] , the USA [43•], Greece [43•] , and Iran [44] demonstrated that greater adherence to the Mediterranean diet during pregnancy was associated with lower BMI z-score, waist circumference, waist-to-height ratio, skinfold thicknesses, and blood pressure in offspring during early and mid-childhood (~4-7 years). On the other hand, adherence to a "pro-inflammatory" dietary pattern during pregnancy was associated with lower fetal growth, higher BMI, waist circumference, and risk of overweight during childhood [45•, 46•] .
Recent evidence also points to the role of prenatal dietary patterns on respiratory and allergic outcomes during childhood. Adherence to the Mediterranean diet during pregnancy has been associated with a lower risk of asthma, allergic sensitization, and allergic rhinitis during childhood [47] , while a "fast food" dietary pattern during pregnancy has been associated with higher risk of asthma during early childhood (3 .5 years) [48] . Possible mechanisms explaining these observations include the transfer of dietary and environmental antigens from mother-to-child through human breast milk during breastfeeding [47] .
Prenatal Exposure to Environmental Toxicants as Emerging Risk Factors for Later Disease

Perfluoroalkyl Substances
Perfluoroalkyl substances (PFASs) are synthetic fluorinated compounds used in manufacturing industrial and consumer products, such as stain-resistant and non-stick coatings for furniture, food packaging, insecticides, and firefighting foams [49] . PFASs can persist in the environment and in humans for extended periods (2-5 years or longer) due to stable carbonfluorine bonds [50] . In humans, exposure to PFASs can occur through dietary intake of contaminated food or drinking water, and are widespread; detectable levels were found in 95% of Americans who participated in the US National Health and Nutrition Examination Survey between 1999 and 2008 [51] .
During pregnancy, certain PFASs can cross the placenta, thereby creating a potential for direct fetal exposure. As a result, there is growing interest in the relationship of PFAS exposure, especially during critical windows of susceptibility in early life, such as gestation, with later health effects. Animal studies demonstrate that PFASs can alter estrogen-and androgen-receptor function [52] , activate peroxisome proliferator-activated receptors (PPAR) [53] , and disrupt thyroid hormone homeostasis [54] , all of which have known regulatory roles in metabolic function. Some studies have shown higher weight gain and body fat accumulation in rodents prenatally exposed to PFASs [55, 56] . Emerging evidence from human epidemiological studies, accounting for relevant sociodemographic covariates, also appears to support these observations; higher PFAS exposure in utero has been associated with more rapid increase in BMI during early to midchildhood [57••] , higher waist-to-height ratio [58] , higher total cholesterol and low-density lipoprotein cholesterol [59] , and greater risk of overweight/obesity in offspring [60] . Other human studies have reported inconsistent findings, however. In Project Viva, there was no evidence for an adverse effect of prenatal PFAS exposure on offspring adiposity in early childhood or on leptin, adiponectin, or insulin resistance in midchildhood [61••] . Although maternal prenatal plasma PFAS concentration was associated with small increases in adiposity in girls in mid-childhood, the estimates had confidence intervals that crossed the null [62••] . Similarly, in the INMA birth cohort, there was no evidence of associations between prenatal maternal prenatal plasma PFAS concentration and cardiometabolic outcomes in mid-childhood [63] .
PFASs may adversely affect respiratory outcomes through immunosuppression of cytokine production [64] , but recent evidence demonstrates an inconsistent relationship between prenatal PFAS exposure and child respiratory and allergic outcomes. While some studies [65, 66] reported inverse associations between prenatal PFAS exposure and risk of allergic diseases in early childhood, others [67, 68] reported no clear evidence of associations between prenatal PFAS exposure and allergy or asthma-related outcomes.
Fine Particulate Matter
Particulate air pollution is a pro-oxidant environmental exposure that may promote programming of adiposity and cardiometabolic risk. Fine particulate matter with an aerodynamic diameter of less than 2.5 μm (PM 2.5 ) can readily enter the lower airways, and prenatal exposure is hypothesized to adversely affect fetal development by inducing maternal oxidative stress, vascular dysfunction, and potentially inhibiting nutrient transfer from mother to fetus [69] . Air pollution exposure in early life may additionally induce adipose inflammation and hypertrophy [70] .
Animal models have demonstrated that prenatal exposure to PM 2.5 is linked to obesity and its related comorbidities in the offspring [71] . Recent evidence from human epidemiological studies accounting for sociodemographic covariates also support these observations; Fleisch et al. [72••] reported that prenatal exposure to PM 2.5 was associated with faster weight gain during infancy and Schembari et al. [73••] reported associations with higher skinfold thicknesses, while Lavigne et al. [74•] and Madhloum et al. [75] showed that increased prenatal PM 2.5 exposure was associated with changes in cord adiponectin and insulin, both of which regulate glucose and fatty acid breakdown in the fetus and may contribute to later childhood obesity. Furthermore, recent studies have reported that increased prenatal PM 2.5 exposure was associated with increased BMI z-scores, fat mass, and risk of overweight or obesity during childhood [76, 77] .
Prenatal PM 2.5 exposure has also been related to other adverse outcomes during childhood, such as respiratory diseases. Findings from the Asthma Coalition on Community, Environment, and Social Stress (ACCESS) [78] , Programming Research in Obesity, Growth, Environment and Social Stressors (PROGRESS) [79] , and Kaiser Air Pollution and Pediatric Asthma [80] cohorts reported that an increased prenatal exposure to PM 2.5 was associated with an increased risk of child asthma, which appeared to be stronger under conditions of maternal stress [78, 79] .
Nutritional Factors and Environmental Toxicants: Two Sides of the Same Coin?
It is notable that the disease patterns linked to nutritional factors in utero are also often linked to prenatal exposure to environmental toxicants. Both exposures share similar features, such as functional changes in gene expression and cell metabolism that may lead to subtle morphological changes in the tissues and organs, resulting in altered susceptibility to future disease risk [5] . They may also exert their effects within common ranges of exposure (i.e., at a normal range of nutrition or at low doses of environmental toxicants) [5] . This similarity suggests a common pathway for influences of prenatal exposure to nutritional and toxicant stresses, the effects of which ultimately promote programming of future disease risk in the offspring [5] .
These factors may compensate for each other's effects, for example, prenatal consumption of seafood (such as fish and shellfish), a rich source of polyunsaturated fatty acids, could confer benefits to brain and visual system development in infants [81] . On the other hand, seafood is also a major source of methylmercury, a known neurotoxicant that is particularly harmful to fetal brain development [82] . In this case, it is important to balance the risks and benefits of prenatal seafood consumption for proper neurodevelopment in infants [82] .
These nutritional and toxicant exposures may also act synergistically to generate a stronger impact, for example, emerging evidence from rodent models demonstrate that concurrent exposure to high-fat diet and bisphenol A during pregnancy increased the incidence of mammary tumor formation in the offspring through alterations in DNA methylation, with differential effects when compared with rodents who were exposed only to a high-fat diet in the absence of BPA [83••] . While there are currently no analogous epidemiological studies conducted in humans, Schaider et al. [84••] recently reported a high prevalence of PFASs and fluorinated chemicals in fast food packaging in the USA, which can leach into food and may significantly contribute to dietary PFAS exposure [85] . Given the link between fast food consumption and later obesity risk [86] , the added contribution of dietary PFAS exposure from fast food packaging may serve to further exacerbate the impact of fast food consumption on future disease risk. These observations serve as an illustration of the need to study these exposures in tandem, as both are important and potentially synergistic drivers of future disease risk. It also highlights the necessity for an interdisciplinary approach to this research paradigm-a collaboration between nutritionists, toxicologists, endocrinologists, and epidemiologists to better understand the effects of these developmental exposures on long-term health outcomes in the offspring.
Limitations-Bias and Measurement Error
Selection bias is often an issue in studies of prenatal nutrition and environmental toxicants, which are normally performed in observational cohorts. In cases where cohort recruitment is not representative of the general population, it would limit generalizability of the study findings. Participant retention and loss to follow-up may also be differentially related to exposure and outcome, which could bias the study findings causing either an overestimate or an underestimate of the observed associations.
Other issues include the potential for measurement error; in studies of prenatal nutrition, data are often obtained from food frequency questionnaires (FFQs) which rely on self-reported information. The possibility of recall bias therefore cannot be excluded. Misclassification is also a concern with any dietary reporting method. Methods to overcome these errors often include adjusting for total energy intake, validating and calibrating dietary questionnaires, or combining different dietary assessment methods (e.g., assessing levels of dietary biomarkers together with self-reported intakes). Novel technologies, such as mobile phone applications that provide digital images for food identification and portion-size estimation, could be integrated with traditional dietary assessment methods in future studies to reduce recall bias and improve accuracy.
Unlike PFASs which are measured objectively from blood samples, measurement error is more of a concern in studies of ambient pollutant exposure such as PM 2.5 . Cohort studies typically estimate long-term exposure to pollution particles using observed pollutant concentrations at the closest, or the average of the closest ambient monitors. However, the locations of these monitors may not match the locations where health outcomes are observed (e.g., at residential addresses). Other methods take advantage of satellites, whose coverage depends on weather conditions. Predicting the spatial distribution of local pollutant concentrations is crucial, as improper prediction can lead to biased estimates of health effects. Recent cohort studies [72••, 73••, 74 •] have incorporated statistical models that allow for prediction of pollutant exposures outside of the participant's residence, thereby accounting for spatial variations in ambient PM 2.5 concentrations. State-of-the-art knowledge on atmospheric chemistry and meteorology has also been used to estimate spatially resolved exposure to PM constituents [87] . Instrument-related measurement errors, however, have not been extensively investigated in epidemiological studies of PM constituents and remain an ongoing area of research.
Future Research Directions
Role of Preconception Period
While much of the recent evidence supports a link between nutritional factors and/or exposure to environmental toxicants during pregnancy and offspring disease risk, there is a need for future studies to explore the role of preconception exposures. If women are provided with information regarding healthy habits prior to pregnancy, their ability to plan ahead and prepare for a healthier pregnancy may be greatly increased [88] . Recent findings from human epidemiological studies have provided evidence that preconception exposures may influence perinatal outcomes. Greater exposures to SSB intake, PFASs, and air pollution prior to pregnancy lowered fecundability [89] and increased risk of gestational diabetes [87, 90•] , which may contribute towards future disease risk in the offspring. A challenge, however, will be to separate the effects of preconception versus prenatal exposures on offspring health outcomes, especially for persistent dietary habits or environmental toxicants with long biological half-lives, as the extent of these exposures would be expected to be relatively stable prior to conception and during pregnancy. Another challenge would be in recruiting representative preconception cohorts; ideally, the cohort should include couples of reproductive age who are at risk of pregnancy (i.e., having unprotected intercourse in the fertile window) and recruited from the first time they are at risk of pregnancy. As the reproductive process involves complex human behavior, this design could introduce left-truncation bias (e.g., women who became pregnant prior to the start of the study would not enter the study and their information would be truncated), as well as differential loss to follow-up, both of which could affect accuracy of study findings.
Role of Fathers
Another area of future study will be the role of paternal exposures to these factors on disease risk in offspring. Although not extensively studied, there are indications that paternal exposure to environmental chemicals can potentially impact the long-term health offspring, primarily through epigenetic modifications in the father's sperm, which could consequently influence embryo and fetal development [91] . Furthermore, there is emerging evidence to suggest that paternal lifestyles, including diet and physical activity, can alter the sperm epigenome and subsequently affect the health of their children [92••] . To our knowledge, there are few prospective studies examining relationships between paternal environmental exposures (in a non-occupational setting) and subsequent offspring health. This area of investigation will be relevant to healthcare providers who are advising couples on lifestyle decisions prior to conception.
Intervention Studies
A key limitation of observational studies is the difficulty of inferring causality between prenatal exposure to nutritional imbalances and/or environmental toxicants and long-term offspring health outcomes. There is a need to address whether the observed associations represent true relationships or are merely artifacts of unmeasured confounding. This may be especially true for environmental and nutritional exposures, which often substantially vary with differences in socio-economic and demographic factors [93, 94] .
Randomized controlled trials (RCTs) are typically considered the gold standard in health research to determine "cause and effect" [95] , as the random allocation of subjects to intervention and control groups minimizes systematic differences and biases between groups. While observational research has made substantive contributions to the current understanding of prenatal exposure to nutritional imbalances and/or environmental toxicants with long-term offspring health outcomes, RCTs can provide more definitive evidence of causality. Intervention studies on reducing SSB consumption have been conducted only in children and non-pregnant adults [96, 97] , but not in pregnant women. Recent studies of lifestyle interventions to improve prenatal dietary habits have not included outcomes after birth [98] . RCTs also have not been widely embraced in the field of environmental health [99] . More RCTs are therefore needed to complement the substantial findings of observational research, by providing more definitive evidence of causality and identifying potentially efficacious interventions. It is, however, important to acknowledge the challenges of conducting RCTs, including generally high costs, complex nature of certain interventions (e.g., behavioral interventions), and ability to examine only a limited number of exposures per study. Conducting intervention studies from preconception may be more challenging due to a limited population base from which to recruit, but are arguably more important than interventions during pregnancy, given the profound implications for preconception health on the growth, development, and long-term health of the offspring [100••] .
Conclusions
The emerging prenatal nutritional factors and environmental exposures described in this selective review-intake of sugarsweetened beverages, dietary patterns, perfluoroalkyl substances, and fine particulate matter-provide examples of prenatal exposures emerging as risk factors for adverse long-term health. These emerging risk factors are attractive targets for prevention of future disease risk, as they are amenable to behavior change or environmental interventions during pregnancy. Prevention strategies at the earliest stages of developmental plasticity, including before and during pregnancy, hold much promise for prevention of non-communicable diseases across the life course. Future research and disease prevention strategies should continue to focus on these and other emerging exposures. Nutrients. 2016;9(1) Another paper from a multi-ethnic Asian birth cohort that describes the associations of a "healthy dietary pattern" with lower offspring adiposity. These associations were observed only at ages 18 months and older, until 54 months of age.
